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The main purpose of this study was to explore the overlap between dyslexia 
and a range of neurodevelopmental problems (NDPs), specifically symptoms 
of attention-deficit/ hyperactivity disorder (ADHD), autism spectrum disorder 
(ASD), atypical sensory perception (ASP) and developmental coordination 
disorder (DCD). Capitalizing on a population-based sample of twins, 
complementing aims included calculating the heritability of dyslexia and re-
evaluating the Short Dyslexia Scale (SDS). A telephone interview regarding 
dyslexia and other NDPs was conducted with parents of 1688 nine-year-old 
twins. The prevalence of dyslexia was ca 8% and the heritability of dyslexia 
was estimated at 52%. There was a 10-fold increase in diagnostic proxy NDPs 
in the dyslexia group compared to typical readers. Quantitatively measured 
symptoms of inattention, oral language problems, and ASP significantly 
predicted dyslexia status in a multivariate analysis. By contrast, ASD-related 
inflexibility/circumscribed interests were inversely associated with dyslexia 
in a multifactorial model. Taken together, dyslexia is a heritable condition that 
often overlaps with other NDPs. Moreover, there may be a need to move 
beyond isolated diagnostic categories into behavioral profiles when trying to 
understand the pattern of strengths and needs in individuals and groups with 
dyslexia.  
 
Hanna is a bright ten-year-old girl who struggles with reading. Although her 
teachers have been very supportive, she constantly feels odd and unsuccessful. She reads 
very slowly compared to a typical ten-year-old reader. The words and letters seem to swap 
around and her eyes get tired quickly. The teachers have tried many techniques to improve 
her reading, but the effects are not very satisfactory. Apart from reading difficulties, 
Hanna has problems with sports and games at school. She is ill-coordinated and gets 
easily tired performing a physical activity. Moreover, she gets bored with school tasks 
after only a few minutes, even when only listening, and often feels restless and appears 
“dreamy”.  
Hanna’s behavioral profile is an example of neurodevelopmental “comorbidity”1. 
She has been diagnosed with dyslexia, attention- deficit/hyperactivity disorder (ADHD) 
and developmental coordination disorder (DCD) (DSM 5, American Psychiatric 
Association, 2013). In the present study I approach children’s development from the 
perspective of word level reading and spelling difficulties, also referred to as dyslexia, 
and its overlap with other co-occurring neurodevelopmental problems (NDPs). A 
question then arises: Is Hanna’s an unusually complex case of dyslexia or is co-
occurrence of neurodevelopmental disorders the rule? 
Dyslexia is a behaviorally defined condition characterized by severe and persistent 
difficulties in acquiring fluent and accurate word reading and spelling skills. Dyslexia is 
not the result of inadequate instruction, intellectual disability, low chronological age or 
                                                     
1 Since comorbidity presumes independent etiologies it is not always a proper term to describe 
neurodevelopmental symptom overlap (Gillberg, 2010; Kaplan, 2001). I, therefore mostly use terms such 
as co-occurrence and co-existence. The term comorbidity is put within quotes whenever it is used. 
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impairments in hearing or vision (WHO, 1993; Petersson & Pennington, 2015). Apart 
from weaknesses in word reading and spelling accuracy and fluency, dyslexia is 
sometimes accompanied or preceded by oral language problems. According to the latest 
version of the diagnostic manual (DSM 5) (APA, 2013), dyslexia appears under the 
umbrella of ‘specific learning disorders’ and it is no longer a must to display a discrepancy 
between IQ and reading achievement to be qualified for a dyslexia diagnosis. Instead, 
dyslexia is commonly recognized across the IQ spectrum, though children with higher IQ 
and strong executive function skills are likely to manage reading comprehension better 
(Snowling, 2013). Research has suggested that dyslexia affects 3-10% of the population, 
depending on the exclusionary criteria and the specific cut-offs that are used for its 
diagnosis (Peterson & Pennington, 2015). Furthermore, a range of studies has mentioned 
that there is a genetic component in dyslexia and that the heritability of dyslexia may vary 
between 50-60%. If reading abilities and dyslexia are analyzed dimensionally, the 
heritability is typically estimated at 50-80% (Olson & Byrne, 2005; Pennington & Olson, 
2005).  
Neurodevelopmental co-occurrence of dyslexia has long been widely 
acknowledged, especially when it comes to ADHD symptoms (i.e. hyperactivity and 
inattention)  (Cheung, 2012; Germano, Gagliano, & Curatolo, 2010). It is well established 
in the literature that dyslexia is more strongly associated with the inattention than with 
the hyperactivity/impulsivity dimension of ADHD (Caroll et al., 2005; Pham, 2016). 
Moreover, dyslexia has been shown to co-exist with DCD (Fawcett & Nicolson, 1995; 
Lingam et al., 2010). While it is known that reading abilities/disabilities overlap with 
ADHD-traits and that this association is genetically mediated (Pettersson et al., 2013; 
Mascheretti et al., 2017; Willcutt et. al, 2010), present knowledge is limited when it comes 
to the overlap with other neurodevelopmental traits. 
 This study aims to complement previous results by exploring whether children 
with dyslexia display symptoms of other concurrent NDPs than ADHD and DCD, such 
as atypical sensory perception (ASP) and/or autism spectrum disorder (ASD). When a 
group of symptoms overlap between categorical diagnoses it creates a multifaceted 
condition. It can often be presumed that the more atypical traits are observed, the worse 
the clinical prognosis is for an individual. Consequently, children whose behavioral 
difficulties overlap will need a lot of more individual adjustments from the perspective of 
all the strengths and weaknesses. Students with multiple diagnoses, such as ADHD, 
dyslexia or motor deficits may need additional support in organizing their studies all the 
way up in higher education (Åsberg Johnels, 2018). Identifying disorders co-existing with 
dyslexic difficulties could potentially function as the basis for designing more effective 
therapeutic interventions at school and beyond the school environment. 
Taking into consideration the behavioral nature of dyslexia, there have been many 
attempts to establish its biological and cognitive causes. For many years dyslexia was 
mainly explained by the phonological theory, which postulates that dyslexics have 
difficulties with processing and manipulating the sound structure of words with 
grapheme-phoneme (i.e. letter-sound) correspondences (Snowling, 1995, Bradley & 
Briant, 1983, Lundberg & Hoien, 1989), and with rapid automatized naming (RAN) 
(Wolf & Bowers, 2000). Many children with dyslexia struggle with isolating and 
manipulating the speech sounds in words and/or with RAN performance that requires 
rapid naming of letters, pictured objects and numbers. However, recent studies have 
suggested that dyslexia typically occurs as a result of multiple deficits rather than a single 
phonological deficit (Caroll, Solity, & Shapiro, 2016; Fletcher & Grigorenko, 2017; 
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Pennington, 2006). Single deficits can often be compensated for, but when two or three 
impairments co-occur together the negative effect is additive, making the disorder more 
profound (Bishop, 2006). This idea comes mostly from group difference studies, where 
deficits have been observed in auditory processing, visual attention and motor/balance 
skills. Researchers have shown in experiments that the attention-related impairments in 
dyslexia can be linked to deficits in the auditory domain (shift of attention) and visual 
pathways (Jednorog, Gawron, Marchewka, Heim, & Grabowska, 2014; Zoubrinetzky, 
Bielle, Valdois, 2014).  
Moreover, poor readers show a difference in sensory processing, as their sensory 
input adaptation mechanisms may be impaired for a variety of stimuli, spoken and written 
language, visual objects, and faces (Perrachione et al., 2016). Apart from atypical sensory 
adaptation, the perception of motion may also be affected in dyslexics (Gori, Seitz, 
Ronconi, Franceschini, & Facoetti, 2016). Some researchers have pointed to the fact that 
children with dyslexic difficulties often display a high rate of motor problems (Dewey, 
Wilson, Crawford, & Kaplan, 2000). The cerebellar theory (Nicolson, Fawcett, & Dean, 
2001) has suggested that poor automaticity and motor deficits in dyslexics may be 
associated with a dysfunction of the cerebellum (Feng et al., 2017; Vias & Dick 2017). 
Still, many of the above mentioned hypotheses of proximal causes of dyslexia are 
disputable and current research results are mixed. In particular, it is not well known if 
motor and sensory symptoms in children with dyslexia are uniquely linked to dyslexia 
itself or other NDPs commonly associated with dyslexia. Accordingly, a better 
understanding of the etiological factors and correlates of dyslexia is needed both 
theoretically and to provide adequate support to students.  
 
  
Co-occurrence of neurodevelopmental problems in dyslexia 
 
Accumulating evidence suggests that many children with dyslexia meet diagnostic 
criteria for at least one more additional behaviorally defined neurodevelopmental 
disorder. Reading disorders co-exist mostly with ADHD and motor deficits/ DCD 
(Fawcett & Nicolson, 1995; Gillberg, 2010; Kaplan, Dewey, Crawford, & Wilson, 2001; 
Peterson & Pennington, 2015). According to some studies between 25-40% of individuals 
with ADHD have dyslexic problems and vice versa (August & Garfinkel, 1990; Willcutt 
& Pennington, 2000). Other studies also support this notion indicating that approximately 
30% of children with reading problems show symptoms of ADHD, predominantly of the 
combined or the inattentive type (Germano et al., 2010; Mascheretti et al., 2017). A 
population-based study on 179 children receiving special education at school showed that 
of those children who met criteria for a dyslexia diagnosis circa 50% also met criteria for 
another diagnosis, including ADHD and DCD (Kaplan et al., 2001). Research has 
indicated that there is a relationship between attention, motor control, inhibition and 
coordination (Piek, Pitcher, & Hay, 1999), and that sequencing, rhythm and timing are 
relevant to dyslexia and ADHD, as well as to ASD. Moreover, both distractibility in 
ADHD and reading dysfluency in dyslexia may impact reading comprehension 
negatively, escalating the negative effect when dyslexia and ADHD co-occur (Tridas, 
2007). 
The association between dyslexia and ASD seems to be even more complex. When 
it comes to word reading (i.e. transforming printed words into speech sounds) (Høien, 
Lundberg, & Karlsson, 2013), the cases of autistic children extremely skilled in reading 
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are particularly salient. For instance, Atkin and Lorch (2006) presented a case study of a 
nonverbal four-year-old autistic boy with a precocious ability in word reading/decoding, 
a profile sometimes termed “hyperlexia” (Ostrolenk, d’Arc, Jelenic, Samson & Mottron, 
2017). Though most of the children with ASD are obviously not hyperlexic, a series of 
studies has pointed out that word reading/decoding skills in autistic individuals are 
occasionally well-developed (Davidson & Ellis Weismer, 2014). At the same time, it is 
important to note that reading skills in ASD are highly variable at the group level, with 
dyslexic difficulties appearing to be more common in autistic children when compared to 
the general population (Åsberg, Dahlgren, Sandberg, 2012; White et al., 2006). Likewise, 
some children with dyslexia struggle when it comes to psychosocial functioning. In 
particular, it has been found that dyslexic children may have less pro-social behavior and 
less well-developed relations with peers (Parhiala et al., 2014; Russell, Ryder, Norwich, 
& Ford, 2015). Summing up, dyslexia is frequently not a stand-alone ‘specific learning 
disorder’, but it exists on a continuum with other impairments (APA, 2013). Much 
remains to be learned about the extent and nature of this putative overlap.  
 
 
Models of overlap between neurodevelopmental problems 
 
A novel concept concerning neurodevelopmental overlap is Early Symptomatic 
Syndromes Eliciting Neurodevelopmental Clinical Examinations (ESSENCE) (Gillberg, 
2010). ESSENCE covers different kinds of neurodevelopmental difficulties and disorders 
in order to draw attention to the early onset of symptoms and the universal co-existence 
among them. According to a range of studies, the co-occurrence of diverse 
neurodevelopmental disorders is rather the rule than the exception in the clinical reality 
(Gillberg & Billstedt, 2000; Gillberg, 2010; Kaplan, Dewey, Crawford, & Wilson, 2001; 
Lundström et al., 2015). Receiving one neurodevelopmental diagnosis predicts getting 
another one concurrently or later on in life (Miniscalco, Nygren, Hagberg, Kadesjö, & 
Gillberg, 2006). Symptoms and behavioral traits can also fluctuate, thus diagnoses can be 
added or changed over time. It should be noted that the neurodevelopmental co-existence 
does not exclude cases of “pure” diagnoses, yet compartmentalization into distinct 
categories should not be a premise (Bishop & Rutter, 2008). 
Gilger and Kaplan (2001) have attempted to explain neurodevelopmental co-
existence by proposing another concept: atypical brain development (ABD). The ABD 
term refers to the general underlying impairment, probably caused by an atypical synapse 
wiring during the early development of the brain (Powell & Bishop, 1992), and may serve 
as an integrative concept of etiology by addressing the full range of neurodevelopmental 
symptom overlap (Kaplan et al., 2001). It has been theorized that multiple skill deficits 
in various syndromes can be potentially triggered by an interaction between genetic and 
environmental factors, hence the typical developmental trajectory may be remodeled into 
an atypical one (Geier, 2007; Gilger & Kaplan, 2001). Accordingly, such atypical 
development can potentially materialize into one or more of the distinct developmental 
disorders. Kaplan et al. (2001) have argued that ABD could be a proper term to describe 
”comorbidity”, taking into consideration the uncertainty whether symptoms should be 
interpreted as separate disorders or various manifestations of the same underlying 
impairment. Pauc (2005) has furthered this idea by theorizing that the frequent pattern of 
neurodevelopmental co-existence could be put forward as an argument for lifting the 
focus from disorders per se to the profile of behavioral symptoms. Moreover, ABD has 
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been proposed to be a more “patient-friendly” term compared to an overwhelming dual 
or triple diagnosis. Being assigned with multiple diagnoses can often escalate the child’s 
feeling of inadequacy (Kaplan et al., 2001; Gillberg, 2010). 
 
 
The current study 
 
The present study explores dyslexic difficulties and NDPs in the context of a large 
scale population-based sample of nine-year-old twins. There are two overall objectives. 
First, I want to describe the characteristics of the Short Dyslexia Scale (SDS), used in this 
study as a dyslexia screening tool in terms of a) the internal consistency of the SDS b) the 
distribution of scores including the prevalence of dyslexia and c) the heritability of 
dyslexia-status. 
The second and main purpose of the study is to a) explore the phenotypical overlap 
between dyslexia and a range of categorical NDPs including ADHD, ASD, DCD, and 
ASP, and b) to investigate associations between dyslexia and neurodevelopmental 
symptom dimensions.  The following hypotheses were established: H1: Children with 
dyslexic difficulties present more symptoms of ADHD, ASD, DCD and ASP when 
compared to typical readers; H2: Certain neurodevelopmental symptom dimensions of 
ADHD, ASD, DCD and ASP may act as predictors of having dyslexia.     
 
 
Method 
 
Participants 
 
All participants in this study were recruited within the ongoing longitudinal Child 
and Adolescents Twin Study in Sweden (CATSS), described thoroughly by Anckarsäter 
et al. (2011). The CATSS has aimed to include all twins born in Sweden since 1992. 
Starting in 2004 all parents of twins turning 9 years have been invited to participate in a 
telephone interview. Zygosity is concluded using a panel of 48 single nucleotide 
polymorphisms (SNPs). In cases where DNA samples were not available, an algorithm 
of five questions regarding the similarity of twins is used (Anckarsäter et al., 2011). 
Additionally, the CATSS is linked to the Swedish National Patient Register (NPR), which 
makes it possible to obtain clinical diagnoses participants have received. 
 The present study includes data from 1,688 twins (49% male) born between 
January 2008 and December 2009 and gathered through parental telephone interviews. 
The original sample included 1,880 individuals. In line with previous research on dyslexia 
I excluded individuals with ICD-10 diagnoses of intellectual developmental 
disability/mental retardation (F70-F79, n = 9), blindness and no vision (H54, n = 9), and 
hearing loss (H90-H91, n = 14) (WHO, 1992). Information from the NPR was used to 
identify children with these diagnoses. Data on dyslexia-related problems were not 
reported by the parents of 46 individuals. Nine children had one or two missing values on 
the language scale and were therefore excluded. Cases with unknown zygosity were also 
excluded (n = 75). Thirty more individuals were removed because there was no data from 
their co-twin reported. Hence, the total sample consisted of 1,688 twins (844 twin pairs, 
51% females, 34% monozygotic (MZ), 66% dizygotic (DZ). Both the CATSS and the 
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current study were approved by the Regional Ethical Review Board in Stockholm (DNR 
2010/597-31/1; DNR 2016/2135-31). 
 
 
Measures 
 
Dyslexic problems. The current study uses a Swedish parental dyslexia 
questionnaire, the Short Dyslexia Scale (SDS), to assess dyslexic difficulties. The SDS is 
based on items from two existing instruments – the Colorado Learning Difficulties 
Questionnaire (CLDQ) (Willcutt, 2011) and the Five to Fifteen (Kadesjö et al., 2004), 
and was compiled by Åsberg Johnels & Lundström (unpubl). Parents report if they agree 
with seven statements regarding their children’s reading and writing skills with a focus 
on capturing dyslexic difficulties. All statements (e.g. “My child guesses a lot when 
he/she reads”, “My child has difficulty spelling”) are scored on a 3-point Likert scale (2 
for “I agree”, 1 for “I agree to some extent” and 0 for “I do not agree”). The total scale 
score has a minimum of 0 and a maximum of 14. The SDS has been validated in a 
community sample of 137 nine to ten -years-olds with sufficiently good psychometric 
properties (Parra & Wass, 2016). In this validation study, a high internal consistency of 
the scale (Cronbach’s α = .87) was obtained. Moreover, moderate to strong correlations 
were observed in relation to established tests of reading and spelling, including 
phonological skills according to the phonological choice task from the Duvan Dyslexia 
screening test (Wolff & Lundberg, 2003) and a spelling performance test (Diagnostiska 
Läs- och skrivprov) (Hogrefe, 2015). Importantly, an AUC of .80 (p < .001) revealed that 
the SDS had high diagnostic accuracy, that means it adequately discriminated between 
cases with and without dyslexia as defined by test scores on the spelling test. Parra and 
Wass (2016) proposed two cut-off values: one with high sensitivity (cut-off = 2; 
sensitivity = .92, specificity = .56) for screening purposes, and the other one with high 
specificity (cut-off = 8; specificity = .94, sensitivity = .31) as a diagnostic proxy for 
identifying children with dyslexia. Since I was unable to meet the participants and 
confirm or disconfirm their dyslexic difficulties, I chose to use a cut-off with high 
specificity (cut-off value = 8) to minimize false positive results. The continuous score of 
dyslexic difficulties (0 - 14) was also used for the purpose of this study.  
 
Neurodevelopmental problems (NDPs). Neurodevelopmental problems were 
assessed with the Autism-Tics, ADHD and other Comorbidities inventory (A-TAC) 
(Hansson, Svanström, Röjvall, Rastam, Gillberg, & Anckarsäter, 2005). The A-TAC is 
an easy to administer parental interview that can be carried out on the telephone and does 
not require expert interviewing (Larson et al., 2010).     It is designed to screen for example 
for ASD, ADHD, tics, sensory perception problems and motor coordination difficulties. 
All questions within the A-TAC were formulated by an expert group at the Gillberg 
Neuropsychiatry Center/ Department of Child and Adolescence Psychiatry at the 
University of Gothenburg. Parents report if their children are engaged in certain behaviors 
or experience difficulties in different areas. The items are scored on a 3-point Likert scale 
(1 for “yes”, 0.5 for “yes to some extent” and 0 for “no”). The A-TAC has been validated 
cross-sectionally and longitudinally, and is considered to be one of a few screening 
instruments that take into consideration various aspects of multiple co-existing conditions 
(Larson et al., 2010; Larson, et al., 2013). The following subscales are used in the present 
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study (Cronbach’s α from Anckarsäter et al., 2011): ASD (17 items, α = .86), ADHD (19 
items, α = .92), sensory processing problems (5 items, α = .62), motor problems/DCD (1 
item). ASD was measured by three subscales: inflexibility (5 items,     α = .70), language 
problems (6 items, α = .66) and social interaction problems (6 items, α = .77). ADHD was 
measured by two subscales: impulsivity (10 items, α = .87) and inattention (9 items, α = 
.90). Screening cut-offs with high sensitivity and diagnostic cut-offs with high specificity 
have been identified for the NDPs assessed with A-TAC (Larson et al., 2010). Sensitivity 
measures the proportion of actual positives correctly identified as such (true positives), 
whereas specificity measures the proportion of actual negatives that are correctly 
specified as not having a condition (true negatives). In order to properly identify 
individuals with NDPs (true positives) and those without NDPs (true negatives), a trade-
off between sensitivity and specificity must be made. A low cut-off point has a screening 
function, in order to identify more true positives, thus minimizing false negatives. 
Conversely, a high cut-off has a diagnostic value by identifying more true negatives, 
thereby minimizing false positives (Wassertheil-Smoller & Smoller, 2014).  The present 
study uses both a narrow (high cut-off) and a broad (low cut-off) definition of NDPs in 
order to identify children with varying degrees of symptoms. In the following, 
sensitivity/specificity are indicated for each NDP: ADHD (broad: 0.98/0.81, narrow: 
0.52/0.95), ASD: (broad: 0.96/0.88, narrow: 0.71/0.95), DCD: (broad: 0.59/0.85, narrow: 
0.28/0.95), sensory perception problems: (broad: 0.91/0.62, narrow: 0.62/0.93) (Larson 
et al., 2010). 
 
 
Data analyses 
  
Descriptive statistics were calculated on all 1,688 twins, and NDPs including 
dyslexia were assessed for all individuals. In order to evaluate the psychometric properties 
of the SDS, Cronbach’s α was calculated on all the items. Cronbach’s α measures internal 
consistency, which is, how closely related all items are as a group. The resulting α (alpha) 
coefficient of reliability varies from 0 to 1. Cronbach’s α for dichotomous and Likert scale 
questions is interpreted by a rule of thumb. In general, the internal consistency is excellent 
when the Cronbach’s α is higher than 0.9 and poor when it is below 0.5 (Taber, 2018). 
The prevalence of dyslexia was ascertained by using the diagnostic cut-off score 
established by Parra and Wass (2016). 
The following describes how genetic influence on dyslexia (heritability) was 
estimated. First, probands (i.e. twins with dyslexia) were identified (n = 104). When the 
co-twin of a proband also has dyslexia the pair is “concordant”, otherwise it is 
“discordant”. Then, the proband-wise concordance rates were calculated in order to 
approximate the influence of genes on dyslexia. Concordance rates function as a risk 
index that can be used to estimate genetic liability for psychiatric disorders and medical 
diseases (Plomin, DeFries, Knopik, & Neiderhiser, 2013). The proband-wise concordance 
estimates the likelihood to be affected at the individual level (2C/C+D; C: number of 
concordant pairs, D: number of discordant pairs). Identical twins (MZ) share 100% of 
their genetic makeup, while fraternal twins (DZ) on average share 50% of their genetic 
makeup. Since MZ twins share more of their genes than DZ twins, a greater concordance 
for dyslexia among MZ twins compared to DZ twins can be ascribed to their greater 
genetic similarity. Thus, by calculating the concordance rates in MZ and DZ twins it is 
possible to determine the relative importance of genes and environment. To estimate the 
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heritability of dyslexia the Falconers formula was used: h2 = 2*(rMZ - rDZ), where h
2 is an 
estimate of narrow sense heritability (the proportion of phenotypic variance explained by 
additive genetic effects), whereas rMZ and rDZ are the within-pair correlations for MZ and 
DZ twins respectively (Plomin, et al, 2013).  
In order to investigate the phenotypical overlap between dyslexia and a range of 
NDPs, the prevalence of NDPs (any NDP, at least two NDPs, at least three NDPs and all 
four NDPs regarded separately) in the dyslexia group versus the non-dyslexia group was 
compared. Chi-square tests of independence were used to test the first hypothesis (H1) 
and explore if the proportion of NDPs in each group differed significantly. Next, a logistic 
regression analysis was applied to test the second hypothesis (H2) and explore if dyslexia 
as a dichotomous dependent variable could be predicted by specific neurodevelopmental 
dimensions. NDPs were measured as seven independent continuous variables: 
inattention, impulsivity, language problems, inflexibility, social interaction problems, 
motor problems, and sensory perception problems. 
 
 
Results 
 
Aim 1 a) Internal consistency of the Short Dyslexia Scale (SDS) 
 
The SDS had excellent internal consistency with Cronbach’s α of .90. This result 
is very similar to the previously reported internal consistency of α = .87 in 137 nine to 
ten-year-old primary school students (Parra & Wass 2016).  
 
Aim 1 b) Prevalence of dyslexia 
 
The dyslexia score was a highly skewed count variable with a minimum value of 
0 and the maximum value of 14 (Figure 1). The mean score of dyslexia was M = 1.74 
(SD = 3.19). Using the cut-off value of 8, dyslexia was identified in 128 individuals, 
yielding a population prevalence of 7.6%. More males (9.2%) than females (6%) were 
affected.  
 
 
Figure 1. Distribution of scores on the Short Dyslexia Scale (SDS)  
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Aim 1c) Heritability of dyslexia 
  
The proband-wise concordance rates of categorically defined dyslexia were 54% 
for MZ twins and 30% for DZ twins, indicating the presence of genetic effects. Twin 
correlations were rMZ = .51 and rDZ = .25. The heritability of dyslexia was estimated at  
h2 = .52.  
Aim 2 a) - Hypothesis 1 
 
In the total sample, the prevalence of NDPs defined as the presence of at least one 
of four NDPs was 37.3% (broad definition) and 7% (narrow definition). Table 1 presents 
the prevalence of NDPs depending on the presence of dyslexic difficulties. Chi-square 
tests of independence indicated highly significant differences in the proportion of NDPs 
(broadly and narrowly-defined) between the dyslexia and the non-dyslexia group (all p < 
.001). The prevalence of NDPs was higher among children with dyslexia compared to 
children without dyslexia, often by a factor of around 10. Three quarters of the children 
with dyslexic difficulties had at least one co-existing NDP (broad definition). In turn, this 
means that only 26% of children had only dyslexia without any co-existing problems 
(broad definition). While 4% of children without dyslexic problems had 3 or 4 NDPs 
(broad definition), more than six times as many with dyslexic problems (26.6%) had 3 or 
4 NDPs. These results give support for the first hypothesis (H1), that children with 
dyslexic difficulties present more symptoms of ADHD, ASD, DCD and ASP when 
compared to typical readers  
Among all co-existing NDPs in children with dyslexic problems, ADHD and 
sensory perception problems were the most common ones. Note, however, that when 
broadly defined, problems with sensory perception and reactivity were present in a 
sizeable proportion of the children without any dyslexic problems (27%).  
 
Table 1.  
Prevalence of NDPs in dyslexia group vs non-dyslexia group 
 Broadly-defined NDPs Narrowly-defined NDPs 
 Dyslexia  
(n = 128) 
No 
Dyslexia  
(n = 1,560) 
Total 
(n = 1,688) 
Dyslexia  
(n = 128) 
No 
Dyslexia  
(n = 1,560) 
Total 
(n = 1,688) 
 % % % % % % 
At least 1 NDP 74.2 34.3 37.3 37.5 4.6 7.0 
At least 2 NDPs 45.3 10.3 13.0 16.4 1.3 2.5 
At least 3 NDPs 26.6 4.0 5.7 9.4 0.4 1.1 
ADHD 53.9 11.8 15.0 21.1 1.8 3.3 
ASD 25.0 4.1 5.7 11.7 0.9 1.7 
DCD 24.2 6.7 8.1 14.8 1.7 2.7 
ASP  56.3 27.0 29.2 18.8 2.1 3.3 
Note. NDPs: Neurodevelopmental problems, ASD: Autism Spectrum Disorder, ADHD: 
Attention- Deficit/ Hyperactivity Disorder, DCD: Developmental Coordination Disorder, ASP: 
Atypical Sensory Perception, At least 2 NDPs: two or more out of four NDPs, At least 3 NDPs: 
three or four NDPs.  
10 
 
Aim 2 b) – Hypothesis 2 
 
A binary logistic regression was performed to assess the impact of co-existing 
quantitative symptoms on the likelihood that children would present categorically defined 
dyslexic difficulties.2 The model contained seven independent variables, namely the 
subscale scores for ADHD (inattention, impulsivity), the subscale scores of ASD (oral 
language problems, inflexibility and social interaction problems), motor problems/DCD 
and ASP in order to gain a more nuanced view of their associations with dyslexia. Tests 
to see if the data met the assumption of collinearity indicated that multicollinearity was 
not a concern (VIF = 1.3 – 2.1). The model was statistically significant, χ2 (7, N = 1688) 
= 230.04, p < .001, indicating that it was able to distinguish between individuals with and 
without dyslexia based on the NDP dimensions. As shown in Table 2, four of the 
independent variables made a unique statistically significant contribution to the model – 
namely inattention, language problems, inflexibility and sensory perception problems. 
Hence, the second hypothesis (H2) was supported that certain neurodevelopmental 
symptom dimensions of ADHD, ASD, DCD and ASP may act as predictors of having 
dyslexia. 
 
Table 2.  
Logit model predicting the likelihood of dyslexia score on NDP symptom dimensions  
NDP symptom dimensions  OR     95% CI (OR)  Wald χ2 (1)   p 
Inattention (ADHD)             1.59 1.41, 1.78 60.95 <.001 
Impulsivity-hyperactivity (ADHD)  0.98 0.87, 1.09 0.21 .643 
Language problems (ASD)              1.70 1.30, 2.22 14.82 <.001 
Inflexibility (ASD)           0.56 0.41, 0.77 13.12 <.001 
Social interaction problems (ASD)   1.13 0.84, 1.52 0.64 .422 
Motor problems (DCD)  1.47 0.65, 3.36 0.85 .356 
Sensory problems (ASP)   1.35 1.01, 1.79 4.13 .042 
Note. NDPs: Neurodevelopmental problems, ADHD: Attention-Deficit/Hyperactivity Disorder, 
ASD: Autism Spectrum Disorder, DCD: Developmental Coordination Disorder, ASP: Atypical 
Sensory Perception, OR: Odds Ratio 
 The strongest predictor of dyslexia was a language problem with an OR of 1.70. 
This indicates that when the score on the oral language problem scale increases with 1 
point, the risk for having dyslexia is increased by 70%. Also, the inattention scale had a 
robust predictive role for dyslexia status, while the influence of ASP, though significant, 
explained less of the variance. The OR for flexibility problems was less than 1 (0.56), 
indicating that more flexibility problems were associated with a lower risk of dyslexia in 
the multifactorial analysis.  
                                                     
2Twins of a pair are correlated to each other, which is their observations are not independent. Therefore, 
before choosing a regression model, my supervisors tested a generalized estimating equations (GEE) model, 
in order to account for the correlated observations between twins of a pair, treating twin pairs as clusters. 
The results of the GEE model were very similar to the ones from the logistic regression, implicating that 
the correlation between twins did not have a significant impact on the regression parameters. For simplicity, 
the logistic regression model was applied. 
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Discussion 
 
This study mainly aimed to address the co-occurrence of neurodevelopmental 
problems in dyslexia. Additionally, I report data from a large sample of twins in terms of 
psychometric properties of the dyslexia screening tool, prevalence of dyslexia and 
heritability. The SDS screening tool, used to assess reading skills in children, has proven 
to be a potentially reliable instrument with high internal consistency and good screening 
capacity. The prevalence of dyslexia in the studied group was circa 8%, which is in line 
with previous estimates in dyslexia research (Siegel, 2006; Snowling, 2013). The 
heritability for dyslexia was estimated at 52%, which also matches previous findings 
(Olson & Byrne, 2005; Pennington & Olson, 2005). An important message is that genes 
play a role in explaining individual differences in dyslexia assessed with the SDS, as it 
has been shown in prior dyslexia research (Olson & Byrne, 2005; Pennington & Olson, 
2005), and in research for many other behavioral traits (Brikell, Kuja-Halkola, & Larsson, 
2019; Mascheretti et al., 2017). At the same time, it is crucial to stress that this role of 
genetic heritability does not imply determinism. The heritability of 52% means that there 
is potentially plenty of room for environmental influence and gene-environment interplay 
(Plomin et al., 2013).  
The most important finding in the current study was the high rate of 
neurodevelopmental co-occurrence in children with dyslexia, which is in line with 
previous studies, typically utilizing smaller samples (Kaplan et al., 2001; Willcutt, 
Pennington, Olson, Chhabildas, & Hulslander, 2005). It is noteworthy that more studies 
have been conducted from the other perspective, which is the prevalence of reading 
problems and dyslexia among children primarily identified for other NDPs (August & 
Garfinkel, 1990; Willcutt & Pennington, 2000; Åsberg, Kopp, Berg-Kelly, & Gillberg, 
2010). To my knowledge, there are no previous studies that in such a comprehensive 
manner have explored the overlap between several NDPs, defined both categorically and 
continuously, in dyslexia. Figure 2 illustrates the apparent symptom overlap of all NDPs 
studied here, including dyslexia. A growing body of research has implicated that the 
existence of overlapping symptoms is oftent due to partly shared etiologies (Lundström 
et al., 2015; Pettersson et al., 2013). When the high cut-off for NDPs was used 38% of 
children with dyslexia had at least one additional NDP compared to 5% in children 
without dyslexia. When applying broad definition of NDPs only 26% of children with 
dyslexia did not have additional impairments, suggesting that neurodevelopmental co-
occurrence is rather a rule than exception, at least when subclinical symptoms are also 
considered (Gillberg, 2010; Kaplan et al., 2001; Lundström et al., 2015).  
Among all the co-existing NDPs in children with dyslexic problems, ADHD and 
ASP were the most common ones. The co-occurrence of dyslexia and ADHD was highly 
expected (e.g. Kaplan et al., 2001; Peterson & Pennington, 2015; Willcutt, et al., 2010). 
In fact, roughly 20-50% met criteria for ADHD, depending on the diagnostic cut-off. 
Moreover, the results of the logistic regression confirmed prior research that the 
inattentive dimension of ADHD is much more clearly associated with dyslexia than is the 
hyperactivity/impulsivity (Caroll et al., 2005; Pham, 2016; Wilcutt & Pennington, 2000). 
The existence of comorbid problems in the area of sensory perception was rather a novel 
finding. However, single results have suggested that sensory perception impairments in 
children with dyslexia may complicate the reading process due to deficits in auditory 
and/or visual domains (Jednorog et al., 2014; Zoubrinetzky, Bielle, Valdois, 2014). 
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Figure 2. Neurodevelopmental co-occurrence. Adapted from Bishop & Rutter (2008). 
Note: ADHD: Attention-Deficit/Hyperactivity Disorder, DCD: Developmental 
Coordination Disorder, ASD: Autism Spectrum Disorder, ASP: Atypical Sensory 
Perception 
 
 The co-existence of auditory processing problems may affect the child’s ability 
to sort through the incoming sound stimuli, thus making the reading task even more 
difficult to perform. Moreover, slowness in processing written words may also add to the 
problem (Perachionne et al., 2016). Though, ASP is regarded to be a persistent symptom 
in autism (Tomchek & Dunn, 2007), it also seems to be linked to dyslexia. Critically, I 
have in the current study in line with a small minority relied on parental ratings in defining 
ASP in dyslexia (Armstrong & Nicolson, 2018). This appears to mean that ASP in 
dyslexia is not only present during psychophysical lab test performances (e.g. Jednorog 
et al., 2017), but also in everyday life, which is a novel finding of potentially great clinical 
significance. Additionally, the current study is unique in showing this association in a 
multifactorial analysis that also included several other NDPs. 
 Also DCD, that is gross motor clumsiness, poor fine motor skills, and balance 
problems, was observed more often in children with dyslexic problems, although this 
association did not persist in the multivariate logistic regression model. The existence of 
motor abnormalities and delays have been observed both in children with dyslexia, ASD 
and ADHD (Dewey et al., 2000; Kaplan et al, 2001; Mascheretti et al., 2017). Whether 
motor problems have a causal role in reading development is a controversial topic. For 
instance, balance and coordination problems in children with neurodevelopmental 
disorders, including dyslexia, have previously been associated with atypical activity in 
cerebellar circuits (Nicolson & Fawcett, 2007; Stoodley, 2016). Other research has 
conceptualized motor problems as rather unspecific markers of atypical brain 
development, with no obvious mechanistic association to reading (Ramus, 2003). At the 
same time, motor delays and sensory perception impairments are often overlooked in 
clinical assessments and therapy is rarely offered. Therefore, it can be especially 
important to study and assess the co-occurrence of motor and sensory perception 
impairments in children with dyslexia. 
Another salient finding was that certain behavioral traits or problem areas within 
various NDPs might act as predictors for dyslexia, where ASD-related language problems 
and ADHD-related inattention seem to be particularly closely associated with dyslexia. 
The relationship between NDPs and dyslexia appears to be complex, especially in case 
of ASD. Circa 25% of children with dyslexia presented co-existing symptoms within the 
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autistic triad. Studies exploring the co-occurrence of ASD and literacy impairments 
suggest that genes contributing to general language skills may be shared among ASD and 
dyslexia (Eicher & Gruen, 2015). Since ASD is a complex impairment, large variations 
of behavioral strengths and weaknesses are very often observed. Indeed, reading skills in 
ASD may vary from poor (i.e. dyslexia) to exceptionally strong (i.e. hyperlexia) (Åsberg 
Johnels et al., 2018). In the current study, higher scores on the inflexibility subscale of 
the ASD module decreased the odds for having dyslexia, whereas the language problems 
typically associated with ASD increased them. This novel result points toward a complex 
pattern of overlap that needs to be confirmed and specified in future research. It is 
reasonable that such research might help to explain results from previous studies that 
dyslexic (White et al., 2006; Åsberg & Dahlgren Sandberg, 2012) and hyperlexic traits 
are overrepresented in ASD (Åsberg Johnels, Gillberg, & Kopp, 2017; Ostrolenk et al., 
2017). Hence, I propose the following hypothesis for future investigation: the autism 
phenotype consists of several fractionated subdomains (Happe & Ronald, 2008), where 
some behavioral traits may in fact have a compensatory function for word reading 
acquisition in children (e.g. close attention to details, extreme adherence to routines, 
strong and restricted interests), whereas other dimensions (e.g. language problems) are 
detrimental to reading and spelling performance. 
Difficulties with reading affect many aspects of life including mental health and 
may persist into adulthood (Ascherman & Shaftel, 2017; Boyes, Leitao, Claessen, 
Badcock, & Nayton, 2016; Morgan, Farkas, & Wu, 2012). The outcome might likely 
become more problematic when dyslexia is accompanied by other co-existing 
neurodevelopmental impairments. Coming back to the example of Hanna, the current 
study confirms that neurodevelopmental “comorbidity” in dyslexia is common and not 
exceptional, although NDPs do not necessarily reach the level for diagnostic threshold in 
all cases. In order to better understand multifaceted conditions and plan interventions for 
children like Hanna, an interdisciplinary approach is likely needed, where the 
interventions at schools, clinics and at home should be of a comprehensive nature. 
Consequently, there may be a need to move from mutually exclusive diagnostic 
categories to behavioral profiles, when trying to understand and help children who 
struggle with reading. As Bishop (2006) points out: “a single cause deficit is too simple 
to account for the clinical reality”.  
 
 
 
Limitations 
 
My study has three potential limitations. First, data were collected through parent-
report on the telephone, which may subject the measures to reporter bias. On the other 
hand, parents have the best possible insight into their children’s development and their 
observation is of great value. In addition, the instruments used here have all been 
thoroughly validated against the “gold standard” of clinical measures and evaluations. 
Second, dyslexic difficulties were detected using a high cut-off on the dyslexia scale, 
which involves the risk that some children with difficulties were not identified. 
Nonetheless, using a high cut-off provides a higher certainty to identify individuals with 
actual reading and spelling problems, which was considered to be of higher priority. 
Third, the A-TAC modules assessing motor difficulties (DCD) and sensory perception 
difficulties contain only a few items. The DCD module, albeit evidence of construct 
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validity, consists of one item, making it difficult to nuance the nature of the motor 
problems. This might have affected the obtained results. The perception/ASP scale, 
though covering both perceptual and sensory problems, has been argued not to be 
sensitive to under-responsivity or able to differentiate specific sensory profiles (Taylor et 
al., 2018). Clearly, a greater insight into atypical sensory reactivity in dyslexia is highly 
warranted. 
 
 
Conclusion 
 
Summarizing my results, they indicate that dyslexia is partly heritable and that the 
co-occurrence of neurodevelopmental problems in children with dyslexia is common. The 
genetic factors can be an important piece of the puzzle for understanding the complexity 
of dyslexia and its common overlap with other NDPs. The novel finding is that dyslexic 
children, apart from ADHD and DCD, may also show symptoms of an atypical sensory 
processing and certain ASD symptoms. 
The awareness of neurodevelopmental co-existence should lead to enhanced 
collaboration among different specialties. There may also be a need to cross over 
diagnostic boundaries when trying to understand “comorbidity” patterns. Ultimately, 
assessments should identify each child’s specific functional difficulties and strengths in 
order to provide tailored interventions in the class room and beyond school environment.  
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